Behavioral traits can be influenced by predation rates of color morphs, potentially leading to reduced boldness or increased escape behaviors in one color morph. The red-backed salamander, Plethodon cinereus, is a small terrestrial salamander whose color morphs have different diets and select different microhabitats, but little is known about potential differences in dispersal behaviors. We used fine-scale genetic spatial autocorrelation to examine 122 P. cinereus in a color-polymorphic population at 10 microsatellite loci in order to generate estimates of spatial genetic structure for each color morph. Differences in spatial genetic structure have been used extensively to infer within-population sex-biased dispersal but have never been used to test for dispersal differences between other groups within populations such as color morphs. We found evidence for colorbiased dispersal, but not sex-biased dispersal. Striped salamanders had significant positive genetic structure in the shortest distance classes indicating philopatry. In contrast, unstriped salamanders showed a lack of spatial genetic structure at shorter distances and higher than expected genetic similarity at further distances, as expected if they are dispersing from their natal site. These results show that genetic methods typically used for sex-biased dispersal can be used to investigate differences in dispersal between morphs that vary discretely in polymorphic populations, such as color morphs.
In some species, color polymorphism covaries with other traits, especially behavioral traits. These covarying traits may be linked to fitness or ecological characteristics of particular color morphs (Brodie 1992; McKinnon and Pierotti 2010) . There are a range of behavioral strategies that have been shown to covary with color, including social and reproductive behaviors (reviewed in McKinnon and Pierotti 2010) . Another behavioral trait that may covary with color is movement pattern, especially when movement, or lack of movement, reduces the predation risk for a particular color morph (Brodie 1992; Schuett et al. 2015) .
Greater dispersal propensity and distance, like other movements, increases the encounter probability of encounter with predators (Werner and Anholt 1993) . However, greater probability of dispersal or further dispersal distance can be adaptive even if it increases predation rates. Dispersal (within or between populations) can decrease the risks of inbreeding depression and kin competition and can allow individuals to find mates and new habitats (Clobert et al. 2009 ). As color morphs differ in predation risk in many species, the costeffectiveness of dispersal likely also differs between color morphs. Potential differences in dispersal between color morphs have been tested in only a few mark-recapture studies of color polymorphic systems to our knowledge (reptiles: Sinervo and Clobert 2003; Vercken et al. 2012; Dubey et al. 2015; birds: van den Brink et al. 2012) . Dispersal is a process that has implications for the distribution of genes in space both within and between populations. Variation in within-population dispersal should lead to differences in "individual-level" genetic similarity and, thus, within-population spatial genetic structure (Peakall et al. 2003; Banks and Peakall 2012) . Finescale genetic spatial autocorrelation has been widely used to test for within-population dispersal differences between sexes (sex-biased dispersal: reviewed in Banks and Peakall 2012) . To date, no research has investigated differences in dispersal using spatial genetic structure within populations between groups other than sexes.
Plethodon cinereus is a small, terrestrial, woodland salamander with 2 common color morphs often found in the same population: a striped morph that contains a red dorsal stripe down its back and an unstriped morph that lacks that dorsal stripe (reviewed in Petranka 1998) . This color morphology is genetically heritable and polygenic (Highton 1975; Angleberger and Chinnici 1975) . Striped and unstriped salamanders have different mortality rates due to disease (Venesky et al. 2015) and predation (Grant 2016) . Striped and unstriped P. cinereus also differ in many behaviors, including microclimate selection (Moreno 1989; Anthony et al. 2008; FisherReid et al. 2013) , mating behaviors (Acord et al. 2013; Venesky et al. 2015) , intraspecific competition (Reiter et al. 2014) , and diet selection (Anthony et al. 2008; Paluh et al. 2014; Stuczka et al. 2016) . Behaviors relating to movement also vary between the color morphs, with unstriped individuals spending more time walking (Venesky and Anthony 2007; Reiter et al. 2014) .
Because the color morphs of P. cinereus vary in predation risk (Grant 2016) and at least some movement behaviors (Venesky and Anthony 2007; Reiter et al. 2014) , P. cinereus is a good system to investigate color-biased dispersal. Sex-biased dispersal has been detected in a monomorphic population of striped P. cinereus, with male-biased dispersal reducing inbreeding but maintaining the benefits of philopatry for females . Colorbiased dispersal may play a similar role in color-polymorphic populations of P. cinereus, with dispersal of one color morph reducing inbreeding, while maximizing the benefits of philopatry (Liebgold and Dibble 2011) , in this case reduced predation risk, in the other color morph.
In this study, we tested the hypothesis that there are differences in dispersal between color morphs of P. cinereus. To test this, we used fine-scale genetic spatial autocorrelation analyses to investigate spatial genetic structure in order to infer dispersal of the color morphs and sexes (sensu Banks and Peakall 2012) . As striped salamanders have a higher predation risk in this region (Grant 2016) , we predict that dispersal will be shorter or more rare in striped individuals. Philopatry in striped salamanders should result in increased spatial genetic structure, with higher relatedness between proximate individuals (Banks and Peakall 2012) . In contrast, we expect a lack of positive spatial genetic structure in unstriped salamanders if they are likely to disperse, or potentially, higher than expected relatedness at further distance classes (sensu . We also predict higher relatedness between proximate females than proximate males, as male-biased dispersal as has been found in P. cinereus ).
Materials and Methods

Field Surveys
This study took place at the Nanticoke Wildlife Management Area in Wicomico County, Maryland (38°22ʹ46.31″N, 75°49ʹ1.89″W). We conducted salamander searches in 2013 and 2014 (n = 86) during the spring (February-May) and fall (September-November) when salamanders are active in this area (Highton 1977) . Upon first capture, we subcutaneously marked salamanders with injectable fluorescent elastomers to identify individuals (Northwest Marine Technologies). Each salamander was given a unique identification color code using 5 colors and 5 ventral locations. We measured snout-vent length (SVL) of each salamander using digital calipers (Mitutoyo America Corporation) in order to assign salamanders to age classes using Sayler's (1966) criteria: juveniles (<35 mm) or adults (>35 mm). We identified the sex of adults using Gillette and Peterson's (2001) candling method to look for the presence (male) or absence (female) of testes in adults. Next, we collected tail-tips for DNA analysis by using forceps and applying light pressure approximately 0.5 cm from the tip of the tail (sensu . Capture locations were flagged, recorded (±1.0 cm), and salamanders were returned to that location after processing.
Microsatellite Genotyping
We extracted DNA from tail tips using a Wizard Genomic DNA Purification Kit (Promega Corporation). We followed Banks and Peakall (2012) criteria of using only using post-dispersal individuals for our genetic analyses, which includes only adults of most species, including P. cinereus (SVL > 35 mm; ). We genotyped individuals at 15 microsatellite loci (Supplementary Table  S1 ), which are all of the loci previously described for P. cinereus. Loci LX16, LX23, I16, I14, FX08, JX06, and A18 were amplified following the PCR protocols in Connors and Cabe (2003) , XD23 was amplified following the protocols in . Loci MS1718, MS2327, MS3241, MS3544, MS4953, MS5155, and MS6162 were amplified according to protocols modified from Fisher-Reid et al. (2013) . All loci were scored using GENEMARKER v.2.6.4 (SoftGenetics). We tested loci for deviations from HardyWeinberg equilibrium and each pair of loci for linkage disequilibrium within morph and sex sample sets based on 10 000 randomizations (GENEPOP v.3.4 ). Next, we tested each locus in for the presence of null alleles, stuttering, and large allele dropout (MICROCHECKER v.2.2.3: van Oosterhout et al. 2004 ).
Statistical Analysis of Spatial Genetic Structure
We analyzed spatial genetic structure for striped and unstriped salamanders separately using the program GENALEX v.6.5 (Smouse and Peakall 1999; Peakall et al. 2003; Peakall and Smouse 2012) . This program creates an estimate of within-population spatial genetic structure by binning the geographic distances between individuals into classes and graphically represents this as a correlogram. In this type of "individual-level" analyses, within each distance class, a genetic relatedness coefficient is calculated by comparing the genetic similiarity of pairs of multilocus genotypes from individuals found that geographic distance apart to the mean genetic similarity of all pairs of individuals in the population. A positive relatedness coefficient represents positive spatial genetic structure at that distance class (higher than expected genetic coefficients within that distance class relative to the entire population; Smouse and Peakall 1999) . If there is a positive relatedness coefficient in the shortest distance class, this represents that genetically similar individuals are more likely to be found near each other, usually due to philopatry to natal areas (Smouse and Peakall 1999; Peakall et al. 2003) . When there is positive spatial genetic structure at shorter distance classes (philopatry), further distance classes have lower relatedness coefficients that are either not different than 0 or are negative relatedness coefficients, representing less genetic similarity than the mean relatedness in the population (Smouse and Peakall 1999; Peakall et al. 2003) . Overall lack of spatial genetic structure occurs when individuals are not more or less genetically similar throughout the entire study area; this represents a null model of random dispersal to all distances tested. Higher than expected genetic coefficients occurring at further distance classes also indicates dispersal, but to a specific range of distances (Peakall et al. 2003; Liebgold et al. , 2013 . We chose to cluster the pairwise relatedness coefficients into 5 m distance bins (sensu Banks and Peakall 2012) based on previously reported P. cinereus home range diameters (1.10 m: Liebgold and Jaeger 2007; 1.13 and 1.67 m: Grant 2016) in order to include adjacent home ranges in the smallest distance class (1.67 m × 3 = 5.01 m). The distance classes were binned as 0-5, 5-10, 10-15, and 15-20 m.
We used the heterogeneity test of Smouse et al. (2008) based on ω (Omega) to test for deviations from the null hypotheses of no pattern in spatial genetic structure across the entire dataset for each morph (α = 0.01; Banks and Peakall 2012; Peakall and Smouse 2012) . We then tested for significant differences between actual relatedness coefficients compared to a null model of no difference in relatedness within each distance class for each morph. We calculated expected relatedness coefficients for each distance class based on the pairwise related sample sizes for that distance class using 9999 permutations of the entire dataset. The actual relatedness coefficients values within each distance class were then tested against the distribution of expected relatedness coefficients values for that distance class (Peakall et al. 2003) . We also conducted individualbased Mantel tests, which compared geographic distance and pairwise genetic similarity over the entire dataset to determine if genetic similarity decreased with distance for each color morph. We then compared spatial genetic structure between the striped morph and the unstriped morph using an Omega test used to compare overall differences and using T2 tests to test for differences between color morphs within each distance class (Banks and Peakall 2012) . In addition to these analyses comparing striped and unstriped individuals, we also ran the same types of analyses comparing male and female spatial genetic structure to a null model separately, tested for overall patterns with Mantel tests, and tested for differences between overall male and female spatial genetic structure and between relatedness coefficients within each distance class.
Results
Microsatellite Genotyping
Of the 15 loci we amplified, all of the loci available for this species, we were unable to consistently score alleles from 4 loci: MS1718, MS2327, MS5155, and MS6162. One additional locus, I16, was fixed for a single allele in our population. The remaining loci had high allelic diversities and high heterozygosities ( Table 1) . Three of these loci (Jx06, MS3241, and MS4953) deviated significantly from Hardy-Weinberg equilibrium ostensibly due to null alleles, which we detected for each in MICROCHECKER v.2.2.3, so they were excluded from the spatial autocorrelation analyses. We detected no null alleles or other potential problems and no linkage disequilibrium in the remaining 7 loci, which we used in the following analyses.
Statistical Analysis of Spatial Genetic Structure
Spatial genetic structure of striped salamanders (n = 57) tended to deviate from the null model of no spatial structure (Figure 1a ; ω = 18.36, P ω = 0.023, α = 0.01). Striped salamanders were significantly more genetically similar in the shortest distance class (0-5 m, P = 0.010) but not further distance classes (all P > 0.50). This philopatric pattern was further supported by a trend for striped salamanders to be less genetically similar as geographic distance increased in the Mantel test (P = 0.054, R xy = −0.084, y = −0.123x + 13.98). Overall spatial genetic structure of unstriped salamanders Correlogram of spatial genetic structure for (a) striped (n = 57) and unstriped (n = 65) and (b) female (n = 60) and male (n = 62) Plethodon cinereus. The relatedness coefficient denotes pairwise relatedness (±95% confidence error bars). Positive numbers represent individuals in that distance class are more genetically similar than randomly selected pairs (9999 permutations) from throughout the population and negative numbers meaning pairs in that distance class are less genetically similar than random pairs. The numbers above the points are the sample sizes for the number of pairwise relatedness comparisons at each distance class. Gray or black asterisk denotes that pairwise relatedness for that type of salamander in that distance class was significantly greater than expected (α = 0.01).
(n = 65) was significantly different than a null model of no spatial genetic structure (Figure 1a ; ω = 21.84, P ω = 0.009, α = 0.01). Unlike striped salamanders, unstriped salamanders were not more genetically similar in the shortest distance bin (0-5 m; P = 0.619) but tended to be less genetically similar in the 5-10 m class (P = 0.055), and were significantly more genetically similar in the 10-15 m distance class (P = 0.010). In the Mantel test, we found no relationship between geographic distance and pairwise genetic relatedness for unstriped individuals (P = 0.295, R xy = 0.028, y = 0.038x + 11.41). When comparing striped and unstriped, there was no significant difference between overall spatial genetic structure (Figure 1a vs. Figure 1b ; ω = 9.70, P = 0.284), but there was a trend for higher genetic similarity in the striped than unstriped in the shortest (0-5 m) distance class (T 2 = 1.74, P = 0.058) but not at further distance classes (P > 0.15).
We found no significant deviation from the null model of no spatial genetic structure for females (Figure 1b ; n = 60: n striped = 30, n unstriped = 30; ω = 13.45, P ω = 0.112), and females did not have differences in spatial genetic structure from the null model at any of the distance classes (P > 0.10). However, we found a significant decrease in pairwise genetic relatedness with geographic distance for females in the Mantel test (P = 0.009, R xy = −0.126, y = −0.089x + 13.89). For males (n = 62: n striped = 27, n unstriped = 35), there was a trend for deviation from a null model of no spatial genetic structure (Figure 1b ; ω = 18.16, P ω = 0.023, α = 0.01). Males were significantly more genetically similar at moderately far distances (10-15 m; P = 0.006) but not at other distance classes (P > 0.49). We found no relationship between geographic distance and pairwise genetic relatedness for males using the Mantel test (P = 0.137, R xy = 0.059, y = 0.04x + 11.70). There was no significant difference between the male and female spatial genetic structure (ω = 3.50, P = 0.898), nor were there any differences between male and female relatedness at any of the distance classes (P > 0.50).
Discussion
This study represents a novel expansion of the utility of genetic spatial autocorrelation beyond its common uses analyzing withinpopulation sex-biased dispersal (reviewed in Banks and Peakall 2012) and differences in dispersal patterns between populations (reviewed in Smouse et al. 2008) . In this study, we found evidence for within-population color-biased dispersal, with striped salamanders more genetically similar than expected in the 0-5 m distance class (Figure 1a) , indicating philopatry and a lack of dispersal (sensu Bank and Peakall 2012). In contrast, unstriped salamanders were more genetically similar at 10-15 m (Figure 1a) , indicating a dispersal distance from natal sites that is, on average, 5-7.5 m, as pairwise geographic distances are the result of the dispersal movements of 2 individuals (sensu ). The estimated dispersal distances for unstriped salamanders are more than 3 times the mean diameter of the home range of unstriped individuals (Grant 2016 : diameter = 1.67 m) and slightly further than the estimates of dispersal for male P. cinereus in Virginia using 2 methods: genetic spatial autocorrelation and mark-recapture data (Liebgold et al. 2011: ~4 m) .
While our genetic spatial autocorrelation results support the hypothesis of color-biased dispersal in our population, with philopatry in striped individuals and unstriped individuals dispersing, we found limited evidence for sex-biased dispersal in this population compared to other studies of terrestrial salamanders, both of which used similar methodology Helfer et al. 2012) . We found no overall differences between male and female spatial genetic structure nor differences between female spatial genetic structure and a null model of no spatial genetic structure overall or in any distance class, although we did detect an overall slight decline in genetic similarity with genetic distance for females. There was a trend for males to deviate from a null model, with males significantly more genetically similar than expected at 10-15 m, but not other distance classes. Both lack of spatial genetic structure (females) and increased relatedness at further distances (males) are indications of dispersal and a lack of philopatry. These results contrast with the male-biased dispersal and female philopatry detected in the only other studies testing for sex-biased dispersal in salamanders (P. cinereus: Salamander atra: Helfer et al. 2012) . Sexbiased dispersal typically evolves to reduce the risk of inbreeding (Guillaume and Perrin 2009; Henry et al. 2016) . However, although color-biased dispersal should reduce the risk of inbreeding, it is less likely to have evolved for this purpose than to reduce predation risk in one color morph. It is possible that sex-biased dispersal was detected only in the overall comparison of genetic relatedness with geographic distance in this population, but not when we binned distance classes, because reduced predation risk for unstriped females may have resulted in less natal philopatry by unstriped females.
The only other study investigating sex-or color-biased dispersal in P. cinereus detected sex-biased dispersal using genetic spatial autocorrelation analyses with binned distances in a monomorphic striped population . However, other studies of P. cinereus have found that environmental factors, such as forest age and stream size, influence within-population dispersal and movements (Marsh et al. 2004 (Marsh et al. , 2007 Cosetino and Droney 2016) . As different populations typically experience different environments, dispersal likely also varies among P. cinereus populations. This potential population variation in dispersal means that the direction and extent of sex-or color-biased dispersal may also vary among populations, and further investigation in more populations of P. cinereus is warranted.
To our knowledge, color-biased dispersal has only been investigated in a few other studies in 2 taxa: reptiles (Sinervo and Clobert 2003; Vercken et al. 2012; Dubey et al. 2015) and birds (van den Brink et al. 2012) , all of which detected color-biased dispersal. This study is the first to demonstrate color-biased dispersal in an amphibian and the first to detect color-biased dispersal based on differences in spatial genetic structure (sensu Banks and Peakall 2012) . Interestingly, the cause of the differences in spatial genetic structure is also novel, a color-bias in dispersal potentially due to reduced movements in the color morph with a higher predation risk (Grant 2016) .
Movements increase the likelihood of encountering potential predators (Werner and Anholt 1993) . Behaviors are affected by predation risk in many species, with reductions in movements when predation risk is high (reviewed in Lima and Dill 1990) . In P. cinereus, predation risk varies between color morphs (Venesky and Anthony 2007; Fitzpatrick et al. 2009; Grant 2016) , with predation on the striped morph in this area (Grant 2016) , so dispersal distance and/or propensity may also co-vary with this risk. The striped morph may reduce its activities more than the unstriped morph because of this increased risk of predation. This selection pressure may have led to striped salamanders evolving to move shorter distances during both daily movements (Venesky and Anthony 2007; Grant 2016 ) and dispersal (this study).
Alternatively, if the likelihood of dispersal or dispersal distance was not directly selected to reduce predation risk, these behaviors may have evolved for one context (e.g., anti-predator behavior: Brodie 1992; Schuett et al. 2015) and resulted in differences in dispersal (e.g., Cote and Clobert 2007) . In other words, striped salamanders may have evolved reduced boldness to lower predation risk during daily movements (Venesky and Anthony 2007; Grant 2016) with the incidental effect of reducing dispersal. Boldness is fundamental aspect of behavioral variation that affects all aspects of movements (Wilson et al. 1993) . Although this study was unable to test the evolutionary origins of dispersal differences between the color morphs, future research should follow P. cinereus over their lifetime to test whether individuals differ in movements in multiple contexts (escape behavior, foraging, dispersal, etc.) and determine in which contexts increased or decreased movements result in higher fitness.
Differential dispersal between color morphs may have had important consequences for the frequency of each color morph across the range of P. cinereus (sensu Simmons and Thomas 2004) if similar patterns are found in other color-polymorphic populations of P. cinereus. The distribution of P. cinereus expanded after the retreat of the Wisconsin ice sheet roughly 25 000 years ago (Highton 1977; Holman 1992 Holman , 2006 Ransom 2012) . Currently, unstriped salamanders are found in high frequencies in some peripheral areas in the salamander's range: in Canada and near the Atlantic Ocean (reviewed in Moore and Ouellet 2015) . All the populations of P. cinereus at the southern tip of the Delmarva Peninsula and the eastern half of Long Island, NY contain 100% unstriped individuals, with mixed populations found in the middle of Long Island and the Delmarva Peninsula and striped individuals dominating populations found at the proximate ends nearest to the mainland (Highton 1977; Fisher-Reid 2013; Moore and Ouellet 2015) . The high frequencies of unstriped individuals in northern and eastern populations are not sufficiently explained by current hypotheses, such as differences in climate preferences between the color morphs (Anthony et al. 2008; Fisher-Reid et al. 2013) according to a meta-analysis by Moore and Ouellet (2015) . However, both the northern and eastern areas are potentially the furthest populations from the likely glacial refugium of P. cinereus during the last ice age. The results of this study, combined with the geographic patterns of color morph frequency across the range of P. cinereus (Moore and Ouellet 2015) , lead us to hypothesize that the current distribution of P. cinereus could be a result, at least in part, of a greater dispersal by the unstriped morph. Over time, this may have led to the more rapid expansion of unstriped P. cinereus north and east of its glacial refugium and thus contributed to the higher frequencies of unstriped individuals compared to striped individuals in more peripheral parts of its range.
In conclusion, we found evidence for color-biased dispersal in a population of P.cinereus by comparing spatial genetic structure between the morphs. Striped salamanders were philopatric, with positive spatial genetic structure at short distance classes. Unstriped salamanders dispersed further, having higher than expected genetic similarity at moderate distances. Future research should investigate whether color-biased dispersal is common in other populations of P. cinereus, in other color-polymorphic species, and whether color-biased dispersal reduces the extent of sex-biases in dispersal. Further investigation of the consequences of differential dispersal on the range-wide distribution of color morph frequencies is also warranted.
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